Shimizu et al5) described that T. vulgaris aamylase is a novel enzyme catalyzing the hydrolyses of pullulan as well as starch, and that an electrophoretically homogeneous enzyme preparation showed the same optimum pH and temperature, and the same stability of starch-and pullulan-hydrolyzing activities after heat treatment.
The present study was undertaken to elucidate whether this enzyme has one or two catalytic sites on the samemolecule. The results of the inhibition of its catalytic action on short chain amylose and pullulan by various metal ions, chemical reagents, substrate analogues and microbial a-amylase inhibitors will be described together with the kinetics for the two different substrates. The results obtained supported that the enzyme carried a single catalytic site.
The action of the enzyme on maltooligosaccharides and linear substrates consisting of (1 ->4)-and (1 ->6)-a-D-glucosidic linkages was also examined by two dimensional paper chromatography.
1 Part of this work was presented at Annual Meetings of the Agricultural Chemical Society of Japan (Tokyo, 1979, and Kyoto, 1981) , the Annual Meeting of the Japanese Biochemical Society (Tokyo, 1979) and the Annual Meeting of the Amylase Symposium (Osaka, 1979).
MATERIALS AND METHODS
Microorganism and culture. Thermoactinomycesvulgaris R-47 was kindly supplied by Dr. Tamura, CPC Japan Ltd. The cultivation of the microorganism was performed as described by Shimizu cose.9) Maltotriitol, panitol and isopanitol were prepared by reducing maltotriose, panose and isopanose with sodium borohydride,10) respectively. Partial hydrolyzates of pullulan were prepared by degrading pullulan (1 g) with pullulanase (1 U, pH 5.0), isopullulanase (1 U, pH 3.5) or T. vulgaris a-amylase (1U, pH 5.0) at 30°C for 24hr, followed by heating in boiling water for 10 min, deionization with Amberlite MB-3,and concentration in vacuo.
2) Enzyme inhibitors. PMSF,*1 NBSand PCMBwere purchased from Sigma Chemical Co. IAA was purchased from Wako Pure Chemicals. S-AI F-l and F-2 as microbial amylase inhibitors from Streptomyces diastaticus subsp. amylostaticus No. 2476,n) and S-GI (deoxynojirimycin) from Streptomyces lavendulae subsp. trehalostaticus12) were gifts from Professor S. Murao, University of Osaka Prefecture. Crude AI from Streptomyces sp.13) was a gift from Professor S. Ueda, Kyushu University. TAI from Streptomyces calvus var. TM-52114)and nojirimycin from Streptomyces roseochromogenes R-46815) were gifts from Taisho Pharmaceutical Co., Ltd., and Meiji Seika Co., Ltd., respectively. 3) Enzymes. Isopullulanase was prepared as described by Sakano et al., 6) vulgaris was purified by the method of Shimizu et al.5) with the following modifications: 1) the ammoniumsulfate saturation in salting out of the enzyme was changed from 90% to 65%, 2) a Sartorius membrane filter was used for concentration of the enzymesolution after columnchromatographies, 3) the pH of the Tris-HCl buffer in the second DEAE-cellulose chromatography was changed from 7.8 to 7.5, and 4) gel filtration on a Bio-Gel P-100 column (2x 54cm), equilibrated with 50mMacetate
buffer (pH 5.0) containing 5mM CaCl2, was adopted for the last step of the enzyme purification after the second DEAE-cellulose chromatography.
Electrophoreses. Polyacrylamide gel electrophoresis of the enzyme (PAGE) was performed by the method of Davis, 19) and then some of the gels were stained for protein with 0.4% Coomassie Brilliant Blue R. The other gels were incubated with 3%soluble starch at 40°C for 5 min (pH 5.0), and stained with 0.25% I2-2.5% KI solution, followed by fixing with 5% acetic acid. Polyacrylamide gel electrophoresis of the enzyme in the presence of SDS (SDS-PAGE) was performed as described by Weber and Osborn.20) Gels were stained for protein with 0.4% Coomassie Brillian Blue R. 
Purification of T. vulgaris a-amylase
After a second DEAE-cellulose chromatography, the partially purified enzyme was chromatographed on Bio-Gel P-100 (Fig. 1 ). The location of SSA and PA was coincident with the protein peak, and the ratio of SSA to PA was almost constant in the peak of the enzyme activities. A summary of the enzyme purification is shown in Table I . The purified enzymethus obtained was used in the experiments described below.
Electrophoreses of the purified enzyme are shown in Fig. 2 . The enzyme showed a single band on PAGE and SDS-PAGE.
Effects of metallic ions and chemical reagents on the enzymeactivities
The purified enzyme was thoroughly dialyzed against 50mM acetate buffer (pH 5. Fraction number Fig. 1 . Chromatography on Bio-Gel P-100. The dialyzed enzyme solution after rechromatography on DEAE-cellulose was applied on a Bio-Gel P-100 column (2 x 54 cm) buffer with 50mM acetate (pH 5.0) containing 5 mMCaCl2. Elution was performed with the same buffer at a flow rate of 3.8ml/cm2-hr, and 1.6ml fractions were collected. A, starch-saccharifying activity; å¡> pullulanhydrolyzing activity; O, absorbance at 280 nm.^m hibited SSA and SLA of the enzyme, while Fe3+ had no effect on PA. (Table   III) .
Inhibition by sugar alcohols and microbial aamylase inhibitors
In Fig. 3 are shown Lineweaver-Burk plots in the presence and absence ofmaltotriitol. The Kmvalue for short chain amylose was 15mM as anhydro-glucose units, while that for pullulan was 20 mM.The maximumvelocity using the former substrate was 3 times as high as that with pullulan. The Ki value for maltotriitol, a competitive inhibitor, was calculated to be 33him and 21 him, respectively, in the cases of amylose and pullulan as substrate. Panitol and isopanitol also competitively inhibited two activities, SSA and PA, of this enzyme. Ki values for sugar alcohols are given in Table IV. Typical Lineweaver-Burk plots in the presence ofS-AI F-l are shown in Fig. 3 . S-AI F-1 as well as S-AI F-2 and crude AI noncompetitively inhibited two enzyme activities of this enzyme, while TAI competitively inhibited the enzyme activities.
Nojirimycin and S-GI had no inhibitory effect on both the activities, SSA and PA. Ki values for microbial a-amylase inhibitors are shown in Table IV .
Kinetics of the simultaneous presence of short chain amylose and pullulan Experiments, in which two substrates (short chain amylose and pullulan) were simultaneously present, were done in order to investigate whether this a-amylase hydrolyzes two substrates at the same catalytic site. If this were the case, the following relationship would hold22~25). hydrolyzed reducing end-labeled maltotriose to produce more labeled glucose than labeled maltose, and this enzyme considerably hydrolyzed reducing end-labeled maltooligosaccharides higher than maltotetraose to produce labeled maltose in appreciable amounts. Figure 6 shows the action of this enzyme on partial hydrolyzates of pullulan with this enzyme. Hexasaccharide (TV6*2), nonasaccharide (TV9) and dodecasaccharide (TV12) were hydrolyzed by this enzyme to produce panose (TV3), but panose, isomaltose and maltose were not hydrolyzed by the enzyme. In Fig. 7 is shown the action of this enzyme on partial hydrolyzates of pullulan with isopullulanase.
Isopanose (IP3) was hydrolyzed by the enzyme to produce glucose, Hydrolyzates of Pullulan (non-labeled) with This Enzyme.
Rl5 reference of partial hydrolyzates of pullulan; R2, reference of maltooligosaccharides; S, sample of partial hydrolyzates of pullulan. Pullulan hydrolyzates and maltooligosaccharides, non-labeled. Gl9 G2, G3,--, glucose, maltose, maltotriose,à" à"à". IM, isomaltose; TV3, TV6, TV9, à"à"à", panose, 43-a-panosylpanose, 43-a-(43-apanosyl)-panosylpanose, à"à"à". *2 Abbreviations: were hydrolyzed by the enzyme to form maltose, isomaltose, panose and tetrasaccharide (maybe 62-a-maltosylmaltose), but glucose scarcely. Also this enzyme hydrolyzed partial hydrolyzates of pullulan with pullulanase (data not shown here); the enzyme hydrolyzed maltotriose (P3) to produce glucose and maltose, and hydrolyzed P6, P9 and P12 to produce glucose, maltose and panose. Tables III and   IV) ; the results supported the conclusion that one catalytic site is responsible for both activities.
Further it was recognized from the results of the two dimensional paper chromatography that this enzyme can hydrolyze some of the (l-»6)-a-D-glucosidic linkages of pullulan-hydrolyzates produced by isopullulanase as well as (1 ->4)-a-D-glucosidic linkages of maltooligosaccharides and pullulan-
OUgosaccharides Products hydrolyzates.
The three enzyme activities (SSA, SLAand PA) of the purified enzyme, which showed a single band on PAGEand SDS-PAGE, were inhibited by Al3+, Cu2+ and Hg2+; especially, the enzyme lost 40% of PA and 30-40% of SSA and SLA with Cu2+; and 100% of these three activities with Hg2+. PMSFand NBSdid not inhibit the three activities, but PCMB inhibited them to the extent of ca. 50%of the control. The results suggested that this <x-amylase hydrolyzes the two substrates, starch and pullulan, at the same catalytic site. The Kmvalue for short chain amylose was smaller than that for pullulan, while the Fmax value for the former substrate was larger than that for the latter (Fig. 3) . Maltotriitol, panitol and isopanitol competitively inhibited both the activities catalyzing the hydrolyses of short chain amylose and pullulan. The individual Ki values were larger in the reaction on amylose as substrate than in that on pullulan. It is suggested that starch is a better substrate than pullulan for this a-amylase. Also this is confirmed by the fact that its optimumtemperature on starch is higher than that on pullulan.5j26) Microbial a-amylase inhibitors tested were non-competitive inhibitors for the two activities except for TAI, a competitive inhibitors (Table IV) . Ki values for the two substrates were far lower than those for substrate analogues, and individual Ki values for amylose were almost the same as those for pullulan. The facts and the results of kinetic experiments (Fig. 4) further strongly support the view that this enzyme can hydrolyze starch as well as pullulan at the same catalytic site. Shimizu et al.5) described that this enzyme hydrolyzed starch considerably to produce maltose as well as pullulan to produce mainly panose. This was supported by the present results that this enzyme hydrolyzed labeled maltooligosaccharides of DPabove 4 to produce mainly labeled maltose (Fig. 5 ). 14C-Maltotriose was more slowly hydrolyzed to form 14C-glucose (major) and 14C-maltose (minor), but 14C-maltose was hardly attacked.
The action patterns of this enzyme on maltooligosaccharides, which are summarized in Fig. 8 , are similar to the action patterns of porcine pancreatic a-amylase.8) Also this aamylase hydrolyzed partial hydrolyzates of pullulan produced by three kinds of pullulanhydrolyzing enzymes (pullulanase, isopullulanase and this enzyme). Moreover, it can be observed in glucosidic linkages of substrates in the special surroundings madeby the shape and structure of substrates and enzymes.
